Sets of multiple indicator dilution curves were obtained from working hearts of dogs with closed chests. A multiple capillary adaptation of a permeabilitylimited capillary model which assumes that exchanging material returns to the capillary at its site of escape was tested on these curves. The model has only two lumped parameters: a permeability surface product per accessible extravascular volume, and flow per extravascular volume. Labeled red cells and albumin were used as vascular indicators. The model provided close fits for the curves of diffusion-limited indicators (sucrose, inulin, sulfate, sodium, chloride, and urea), and unique values •were obtained for both parameters. The accessible extravascular volume obtained by this method was independent of flow whereas the permeability surface product per accessible extravascular volume (a relatively low value for these indicators) increased with flow. In this first group the outflow patterns varied with the size of the test molecule. For a second group of substances (water, ethanol and antipyrine), the outflow patterns were virtually identical and independent of molecular size (i.e., flowlimited). The modeling did not provide an appropriate description of these curves, and analysis indicated that the exchanging indicator may intercommunicate between capillaries in a random fashion, i.e., that the indicator may not return to each capillary at the same site at which it escaped.
• The walls of the capillaries in heart muscle present a barrier of varying permeability to a variety of substances. Substances for which this barrier is appreciable may be said to exchange in a barrier-limited or diffusionlimited fashion. Substances which cross the capillary wall freely may be said to exchange in a flow-limited manner, since the perfusion rate alone determines the movement of this type of substance in and out of tissue.
In the first part of this paper we examine the exchange of substances which cross cardiac capillaries in a barrier-limited fashion, and in the second part, the exchange of substances entering cardiac tissue in a flow-limited manner.
The basic experimental tool used in this study was the multiple indicator dilution technique (1) , which consists of the sudden injection of a mixture of labeled compounds into the arterial inflow of an organ and the subsequent serial collection of timed venous outflow samples. This method was chosen because the rate constants for the transcapillary exchange of most substances of physiological interest are on the order of seconds, and the technique provides the ability to follow these rapid changes. When suitable substances are chosen, this technique simultaneously yields the impulse responses of the coronary circulation for substances which remain within the capillaries (reference indicators) and those which do not (diffusible indicators). In any linear system the impulse response represents the system transfer function. In the present paper this will be expected to depend both on the nature of the substance under study and on the following factors: blood flow, hematocrit, the manner in which the substance distributes between plasma and red cells, and variations in the osmotic content of blood. To simplify the problems of analysis, or even to make it possible at all, these parameters must be kept constant for the duration of a tracer experiment. The system transfer function will then be expected to be time invariant.
Within an organ one expects diffusion as well as other forms of transport to occur. Fick's equation of diffusion is a linear equation and transport systems are in general linear over small concentration difference ranges. If labeled molecules are used as a tracer for the behavior of the substance under study, the disturbance of the system caused by this indicator can be made infinitesimal, and the organ as an indicator diluting system may be expected to act in an extremely linear fashion. If the experimental situation corresponds to these expectations and the process under study is linear, the tools of linear analysis (such as the Laplace transform or the convolution integral) may be used.
The task posed by our experimental studies is to arrive at a transfer function or mathematical model which relates indicator dilution curves resulting from diffusible and reference indicators, using otherwise known as well as unknown parameters of the system. In the present paper that model will be considered best which involves no more unknown parameters than can be extracted with some degree of confidence by matching experimental and computed diffusible indicator curves.
A number of mathematical models have been designed for both the flow-and diffusionlimited cases. The simplest model of the diffusion-limited case is one in which the return of indicator from the extravascular compartment is neglected. This model has been used by Renldn (2) , Crone (3) , and Martin and Yudilevich (4) to obtain permeability coefficients from their data, but the effect on their estimates of neglecting the returning indicator has not yet been assessed. More complex models have been developed in which the returning indicator has been included: that of Bassingthwaighte et al. in which diffusion gradients in the extravascular space are allowed and numerical rather than analytical methods of solution are offered (5) ; that of Johnson and Wilson, in which instantaneous longitudinal diffusion is assumed, so that a completely mixed extravascular space results (6) ; and that of Schmidt, in which variation in the properties of the capillaries are allowed (7) . The last three models (5) (6) (7) , however, contain too many unknown parameters related to capillaiy geometry for the unique determination of physiological parameters such as capillary permeability.
In the diffusion-limited model used in this paper, exchanging material leaving each single capillary is assumed to equilibrate instantaneously in the lateral direction once it has entered the extravascular space, and to return to the capillary at the same place at a later time. The proportion of the material which does not leave the capillary emerges in a fashion identical to that of the reference material. This kind of single capillary modeling was originally dealt with by Sangren and Sheppard (8) , and more recently was reexplored by Goresky et al. (9) and by Levitt (10) . In the modeling of the complete outflow pattern from the heart, all capillary transit times are then assumed to be identical. Two natural lumped parameters emerge from this modeling: the permeability surface product per accessible extravascular volume, and flow per accessible extravascular volume. The second parameter is identical to the reciprocal of the difference between the mean transit times of diffusible and reference indicators. The model was found to provide an adequate description of the behavior of substances which permeate poorly through the capillary walls (Na + , SO 4 urea), but it would not fit the outflow curves obtained from tracers known to permeate the capillary wall freely (tritiated water [THO], antipyrine, and ethanol). The curves for the last two substances closely follow that of simultaneously injected THO. No tracers were found for which the capillary has an intermediate permeability.
The following argument can be invoked to explain the apparent absence, within this group, of tracers showing an intermediate permeability surface product. The rate of penetration of molecules through the capillary wall depends not only on the nature of the part of the capillary wall through which they pass but also on the surface area involved. The endothelial lining of the cardiac capillaries is pierced by intracellular clefts (11) . The surface area of these clefts forms such a small part of the total area of the capillaries that the movement of molecules leaving only via the clefts would be expected to result in low values for the permeability surface product per extravascular volume, even if the substance encounters no restriction in its diffusion through the cleft. On the other hand, substances leaving via both cells and clefts, for which a much larger area is available for exchange, would be expected to have permeability surface products several orders of magnitude higher. Exchange not only with the interstitial space around capillaries but also between capillaries would be expected to be facilitated.
Since our diffusion-limited modeling would not fit the curves for the apparently flowlimited group of substances, even when the permeability surface product was allowed to increase greatly, an alternate model had to be found for the behavior of these substances. At low perfusion rates the use of a single wellmixed compartment as an approximation gave a very adequate curve fit; whereas, at higher flow rates, several well-mixed compartments in parallel were needed to account for the experimental findings.
Methods

General Experimental Procedure.-A mixture of indicators was injected rapidly into a perfusion
Circulation Resttrcb, Vol. XXIX, A* S *s> 1971 line leading to the left coronary artery. Thirty to forty timed samples of coronary sinus blood were collected as quickly as the sampling flow rate would permit. The samples were analyzed for the concentrations of the various indicators, and from these, the impulse response of the coronary circulation to each indicator was determined.
The experimental design is shown in Figure 1 . Blood obtained from the femoral artery was pumped by a finger pump through a coil of plastic tubing submerged in a thermostatically controlled water bath. In later experiments, the coil was replaced by two blood bags which were alternately filled and emptied. The coil or bags were used for delaying recirculation of labeled materials. Subsequently, the blood was led through an air cushion which served to remove pulsations from the pump. The most important function of the air cushion, however, was to permit sudden injection of the indicator mixture into the inflow line without creating serious pressure and flow transients. In early experiments in which there was no air cushion, flow rates calculated from indicator curves were approximately twice as high as those measured with die calibrated infusion pump and the electromagnetic flowmeter. The discrepancy was greatest for indicators with the shortest mean transit times. After introduction of the air cushion, the discrepancy disappeared.
The blood emerging from the air cushion was conducted past a rubber diaphragm used for the injection of indicators to a catheter inserted into the left carotid artery. The distal end of this catheter was tied into either the left common coronary artery or the origin of the anterior descending artery. A coronary sinus sampling catheter was inserted via the right jugular vein and connected to a Sigmamotor pump. The total volume of the sampling system was 1.8 ml, and collection pump rates of up to 50 ml/min were achieved.
Successive studies were carried out with the coronary inflow rate fixed at each of several levels. To avoid undue elevation of perfusion pressure (to more than 200 mm Hg) at the high flow rates, dipyridamole was given to decrease the coronary vascular resistance (12) . During an experimental run, the systemic blood pressure remained unchanged.
The animal was given 3 mg/kg of heparin at the time of insertion of the catheters. A repeat dose of half the initial quantity was given 1 hour later.
At the end of some experiments, a concentrated solution of T-1824 was injected through the perfusion line to demarcate the portion of the heart perfused during that particular experiment. The stained portion was excised and weighed. Almost invariably, the entire left ventricle, including the interventricular septum, was stained. Heart tissue samples were also taken to determine water content. Two independent figures for the weight of the perfused cardiac tissue could therefore be obtained: the first from the weight of the excised stained tissue and the second from the volume of distribution of labeled water estimated from its dilution curve and the water content of the sample of heart muscle.
Operative Procedure and Collection of Samples.-Mongrel dogs weighing 17-29 kg were used. Pentobarbital sodium, 25 mg/kg, with supplemental doses as required, was used for anesthesia. The left carotid artery, right jugular vein, left femoral artery, and left femoral vein were exposed for later cannulation. An endotracheal tube was inserted and the dog was ventilated by a Harvard respirator. An incision overlying the left fifth rib was made; the latter was resected, and the heart was suspended in a pericardial cradle. In some dogs the left common coronary artery was cleaned and 0-silk thread on a blunt needle was passed beneath its origin. A catheter made from PE 280 polyethylene tubing with a slight flare at the end was inserted to the level of the aortic valve by guide wires and the perfusion was started using blood obtained from the femoral artery. The catheter was then introduced into the left common coronary artery orifice and tied in place without interrupting the perfusion. The procedure was somewhat difficult because the left common coronary artery in dogs tends to be short, and obstruction of a major branch of the artery would be expected to produce invalid results even if the dog survived.
It was desirable to perfuse the left common coronary artery because the coronary sinus in the dog drains blood which originates almost exclu-sively from the left common coronary artery (13) . Therefore, if recirculation of tracer via the perfusion line is delayed in this preparation, its recirculation to the coronary sinus is also delayed. After obtaining multiple indicator dilution curves on nine dogs using the complete left coronary perfusion, a simpler method was adopted because similarity in results for the first 30 seconds did not warrant the additional efforts and failures associated with the total left coronary artery perfusions. This second method consisted of tying a smaller catheter into the origin of the anterior descending artery. The circumflex branch was supplied by blood flowing around this catheter. Since the coronary circulation takes only about 5% of the cardiac output, the recirculating label is proportionately diluted and, even in the incompletely controlled case, is much less important than in other organs through which a higher portion of the cardiac output flows. In each instance, a second catheter made of PE 260 was introduced into the coronary sinus via the jugular vein. The chest was closed after all catheters were in place.
Analysis of Samples.-From each blood sample 0.3 ml was taken up by an automatic diluter and dispensed with 1.5 ml saline. The protein was precipitated by addition of 0.2 ml of 25t richloroacetic acid. The gamma ray activity in the samples was then assayed in a Nuclear Chicago scintillation crystal well counter. Subsequently 0.5 ml of the supernatant liquid was added to 10 ml of dioxane-naphthalene-based scintillation fluor, and each sample was assayed in a Nuclear Chicago liquid scintillation counter for beta-emitting isotopes.
Heart tissue samples, free from gross blood, were weighed and subsequently dried in a vacuum oven at 100°C. The dried samples were revveighed and the water content calculated.
Theory and Results
Relative Mean Transit Times, Recoveries, and Spaces of Distribution,-As background for capillary modeling it was necessary to ascertain if there was any flow-dependent change in compartment sizes, as measured by the indicator dilution method. M Cr, 12B I-alburnin, 14 C-sucrose and THO were used as markers for red cells, substances distributed in plasma, the extracellular space, and the total water space, respectively. The data in each experiment extended over times on the order of 3 minutes and the terminal part of each of the dilution curves was generated by a process of exponential extrapolation. These extrapo-CitcvUtton Roifurcb, Vol. XXIX, August 1971 lated curves served as a basis for calculation of recoveries and of mean transit times (14) .
The experiments analyzed in this way were those in which total left common coronary artery perfusion was used. The parameters derived from these experiments are listed in Table 1 . The average recoveries relative to recovery of labeled red cells were: 1.002 ± 0.057 (SD) for labeled albumin; 0.987 ±0.088 for labeled sucrose; and 0.914 ± 0.078 for THO.
If we assume that labeled albumin is confined to the vascular space during the time of one passage, the vascular volume may be calculated as the sum of the vascular red cell space and the vascular plasma space. In Figure 2 the vascular volume normalized on the basis of left ventricular weight is displayed as a function of the rate of perfusion. The vascular volume increases modestly in this experimental system with flow. The linear regression line relating the data is: vascular volume (ml g~3) = 0.082 + 0.030 (perfusion rate [ml g" 1 
FIGURE 2
Pattern of variation of the vascular volume with the perfusion rate. The regression equation relating the two variables is represented by the solid line. The shaded area represents a variation of ±1 SE of the estimate.
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with flow was found when all of the data were examined. As a check on the calculated total volumes, the size of the water compartment was used to calculate the weight of the tissue that was perfused, since this had been determined separately. The use of the exponentially extrapolated labeled water curves for this calculation involves the assumption that the extrapolation is an adequate representation of the behavior of the labeled material. Since the average recovery of labeled water is less than that of labeled red cells, it could be hypothesized that the true tail of the THO curve continues in a slightly curvilinear fashion on a semilogarithmic plot and that the exponential extrapolation underestimates both recoveries and mean transit times. There is a slight tendency for the relative recovery to be less than unity at the lowest flow values and to scatter widely around a higher value at the high flow values. The left ventricular water space may be calculated as the product of the water flow and the mean transit time for labeled water. The water space is made up of both a vascular water space (red cells and plasma), and in extravascular space (15) . From the transit times, water contents, and specific gravities of red cells and plasma, the weight of the blood in the portion of heart perfused may be calculated. If we assume that the water content of the biopsy specimens (average value 0.77 ± 0.03 ml g-1 ) is essentially that of extravascular tissue, the weight of extravascular perfused tissue may be obtained. The dilution estimate of the blood content ( Fig. 2 ) will probably be an overestimate of the blood content of the excised muscle, since this will be expected to include only about 5% of trapped blood, by we'ght (16) . In Figure  3 the calculated left ventricular weight is plotted against the actual left ventricular weight. The calculated weight averaged 0.80 ±0.23 of the actual weight. The left ventricular weight has been underestimated, on the average. Yipintsoi and Bassingthwaighte (17) suggest that 0.20 of the isolated heart (valves, great vessels, atria, and pericoronary fat) is relatively avascular and therefore 
Relation of calculated left ventricular weights to the weight of the dissected stained ventricle. Values were computed on the basis of flow estimates arising both from vascular reference and THO curves-
not be "seen." The avascular fraction is probably not so large a fraction of the tissue perfused in our studies.
In these experiments the heart was contracting cyclically and generating a pressure gradient across the wall during systole. Despite a relatively steady flow measured with the electromagnetic flowmeter, there may have been correspondingly larger fluctuations in the local flow in the various layers of the myocardium. Bassingthwaighte et al. (18) have examined the errors in flow estimation due to time-averaged sampling during unsteady flow and have demonstrated that the errors in calculated flow would be expected to be maximum when the period of flow fluctuation is similar to the passage time of the dilution curve. This coincidence would be expected to occur for labeled red cells and albumin at the highest flow rates in the present experiments. In an attempt to reduce this effect, the value for flow was recalculated on the basis of the area under the extrapolated Circulation Research, Vol. XXIX, August 1971 THO curves. The corresponding calculated left ventricular weights are also shown in Figure 3 . The average remains 0.80, but the standard deviation is reduced slightly to 0.18.
Difficulties with the input sometimes occur in this anatomical preparation. In experiment 8, the values for the calculated vascular space, sucrose space, and water space are all about half the expected values. Most of the perfusing blood appears to have passed down a single branch of the left coronary circulation.
The area corresponding to the other branch has not been "seen." When this experiment is excluded, the proportion of the left ventricular water space detected rises to 0.84.
SUBSTANCES WHICH PERMEATE THE CAPILLARY WALL POORLY
Form of the Data.-By inspecting sets of indicator curves a qualitative appreciation of the effect of changing some of the system parameters can be obtained. The parameters which can most readily be changed in the given experimental situation are the flow rate and the size of the diffusible test molecule. Figure 4 shows two sets of indicator dilution curves derived from experiments on the same dog and plotted on both semilogarithmic and square grid coordinates. The indicator substances injected included B1 Cr-labeled red cells, T-1824-albumin, "C-sucrose, and THO. The outflow concentration of each is expressed as the fraction of the total amount injected per ml of venous blood. The 14 C-sucrose peak is lower than the m I-albumin peak, but both peaks occur at the same time. The sucrose curve shows a prolonged tail, indicating the return of indicator from the extravascular space. The total area under each curve of a set of indicator curves plotted on square grid coordinates should be identical for all tracers which are neither metabolized nor sequestered for periods longer than the experimental run. At the lower flow rate ( Outflotv patterns obtained on the some dog. A and B shoto square grid plots and C and D show the same data plotted on semilogarithmic panels. expect that at higher flow rates the diffusible and reference indicator curves should approximate each other. In Figure 4B , the flow rate is higher: the rate of perfuson was increased from 62 to 178 ml mirr 1 100 g tissue- 1 . As expected, the peaks of the two indicator dilution curves in this faster run are much closer to each other than in the slower run, i.e., a smaller proportion of labeled sucrose left the capillaries during the faster run. Figure 5 shows both 14 C-sucrose and 8 Hinulin curves, with 12B I-albumin as the vascular reference substance, plotted on a semilogarithmic grid. This figure demonstrates that increasing the size of the test molecule from sucrose to inulin has an effect on the outflow curve very similar to that of increasing the flow rate.
The sucrose curves in Figures 4D and 5
show a very definite break in the downslope on the semilogarithmic plot. This suggests that the outflow was from a two-compartment system with significant resistance to exchange between the two compartments.
The Modeling.-With these qualitative considerations as a basis, a search was made for a suitable single capillary mathematical model which could be extended to apply to the whole organ. Myocardial capillaries run parallel to cardiac muscle fibers. The number of capillaries per muscle fiber, however, increases from epicardium to endocardium (16) . Unless adjacent capillaries have identical transit times and adjacent entrances and exits, so that the indicator traverses large numbers of capillaries simultaneously, one expects consid-Circtdttion Reiiarcb, Vol. XXIX, August 1971 erable interaction between them. At present we have not included these effects in the capillary modeling designed to provide physiological parameters, since the available anatomical information which would serve as the basis for modeling does not appear detailed enough.
For purposes of modeling, consider a single capillary of length L and its surrounding tissue space, i.e., a Krogh capillary-tissue cylinder. Assume that diffusion equilibration occurs instantaneously in a direction perpendicular to the capillary, both within the vascular and extravascular compartments, that exchanging material reenters the capillary at the same place it left, and that diffusion in the direction parallel to the capillary is negligible. From these assumptions the following set of partial differential equations are obtained:
sec FIGURE 5
Simultaneous outflow patterns for lls I-albumin, inulin, and DC-sucrose. 
Conservation of matter
where S is a unit impulse function and € is an infinitesimal time interval. The outflow profile (i.e., the solution at x = L) is
where statement is that each nonexchanging channel is linked to an identical distribution of capillary transit times (19) . If it is assumed that all capillaries are identical, this convolution can be carried out in the following manner. The reference curve, shifted to the left by the common capillary transit time, becomes the distribution of transit times of the nonexchanging channels. The single capillary solution for an impulse input of diffusible indicator can, under these conditions, be considered as a capillary transfer function which can be convoluted with the distribution of
This solution consists of two parts. The first part describes the concentration, as a function of time, of indicator which has never left the capillary; whereas the second component, referred to as T(t -t r ,K,F), describes indicator which has left the capillary at least once, while passing from the arterial to the venous end of the capillary. Using Eq. 3 one can calculate families of single capillary indicator dilution curves resulting from an impulse injection at time zero for different values of K and F. This land of analysis has been carried out in detail by Goresky et al. (19) . The only single capillary solution of interest at this point is one for small K For this case, the exchanging material emerges as a prolonged exponential washout following the initial spike. The experimental sucrose dilution curves obtained from the whole organ, illustrated in Figure 4 , appear to contain two components corresponding to the throughput and exchanging parts of the outflow profile predicted by the single capillary model. The single capillary model was then extended into a whole organ model as follows. The distribution of transit times as given by whole organ indicator dilution curves can be considered as the convolution of the distribution of transit times of the nonexchanging vessels and the distribution of transit times of the capillaries. The assumption underlying this transit times of the nonexchanging vessels. The single capillary transfer function (Eq. 3) equals u(t-t c ,K,F) and the distribution of transit times of the nonexchanging vessels is defined by the reference indicator curce (Bt + t c ). The capillary transit time t a is eliminated by the following identity: (4) where X and Y are arbitrary functions and # denotes convolution.
Obtaining the Two Parameters, F and K.-By using the albumin reference curve as input into the shifted capillary transfer function (Eq. 3), one can generate families of theoretical indicator dilution curves for the whole organ, for pairs of F and K. The least square error criterion permits the selection of the F and the K which give the best match between calculated and experimental diffusible indicator curves. The Newton Raphson method was used to guide the alternate optimization of each of the parameters on an IBM 360 digital computer. Since convergence was quite rapid, it was not necessary to go to more elegant methods. In Figure 6 , A and B show two such matches for ""SO-j 2 " and 22 Na + , respectively, on square grid coordinates (the primary data underlying Figure 6A are presented in Table 2 ). A and B in Figure 7 show the same data on semilogarithmic coordinates. The two components of the Daia from the Experiment Underlying Figure 6A 1597  1022  1075  1125  1083  923  892  1007  901  1045  912  672  687  708   0  0  0  0  3203  26906  47505  45682  34588  27098  20866  17141  14357  12554  10793  9420  7539  5398  5928  4975  4364  3885  3230  3163  2955  2586  2287  2051  1929  1667   0  0  0  0  1059  5702  10292  13258  14539  14770  14895  14701  14213  13753  13057  12729  11636  9092  10592  9832  9173  8621  7347  7837  7347  6990  6464  5991  5870  5472 In this experiment the anterior descending artery was being perfused at the rate of 110 ml min-1 . The curves for labeled red cells and THO were not included ia the illustration. The analytical accuracy of the measurements is on the order of 1%.
adding the two components, throughput and exchanging material, superimpose upon the experimental diffusible indicator curves.
The parameter F may be defined, for the whole organ, as the reciprocal of the difference in mean transit times of diffusible and reference indicators. If it is to be calculated in this manner, both diffusible and reference curves must be known until their respective concentrations approach zero. Definition of F in this manner is, of course, general since no model is involved. In the present modeling, on the other hand, F is a best fit parameter Experimental data illustrated in Figure 6 shown on a semUogarithmic plot. It should be noted that the calculated first component of the diffusible indicator curve, derived by use of the present model, is identical in shape to that of the vascular reference curve. derived from the curve-fitting procedure. This definition is equivalent to the one derived from the transit times, so long as the modeling is appropriate. If it is appropriate, the parameter is defined at all times after the appearance of the tracers, and knowledge of the entire time course of the dilution curves is not necessary. The only experiments in the present series that could be used for curve fitting with any expectation of accuracy were those with high sampling rates, for which data were available only for the first 30 seconds. In these, the complete duration of the diffusible indicator dilution curve and its mean transit time were therefore not available.
The diffusible indicators used in the experiments analyzed above are substances which would not enter red cells but would be essentially confined to plasma during an experimental run. The accessible extravascular volume (V o ) of the portion of heart being perfused (expressed as ml equivalent plasma) may therefore be obtained from the plasma flow and the parameter F, as follows:
V r = (perfusion pump flow) (1 -HCT) / F, where HCT is the hematocrit of the blood being used for the perfusion. The change in the calculated extracellular space with flow, for a number of experiments with repeated runs, is illustrated in Figure 8 . The estimated extravascular space which, for these sub- stances, would be expected to be extracellular, changes little with changes in flow. The relative flow independence of the calculated extravascular space and, most important, the closeness of the curve fits for the experimental data are important factors in support of the above described model. The second parameter calculated, K, which is defined as the permeability surface product per unit extravascular space for each capillary (solid symbols), rises with flow and then, at least for labeled sodium, shows a tendency to level off at higher values for flow ( Fig. 9 ). Since the extravascular space for the substances illustrated is independent of flow, the parameter K is proportional to the permeability surface product. In the past, a rough approximation to the values for permeability surface products for poorly permeable substances in the heart has been obtained from instantaneous extraction values by use of the assumption that the return to the capillaries of exchanging material is insignificant, that the outflow of the diffusible substance is composed only of throughput material. Alvarez and Yudilevich (20) have used early extraction values; and Yipintsoi et al. (21) have used maximal extraction values. Both these authors observed a similar phenomenon, a progressive increase with flow in the estimated values of the permeability surface products for poorly permeable substances, with a tendency to level off at higher flow rates. To assess the magnitude of the error in the estimate of K produced when the return (i.e., the back diffusion) of material is neglected, we have also used the assumptions of these authors to calculate from the maximum extractions in our experiments a corresponding value for K (open symbols). These estimates are seen to be modestly lower and to exhibit the same general change with flow. Permeability surface product per accessible extravascular volume (K) versus flow per accessible extravascular volume (F). Both parameters are expressed in the units sec- 1 . The values indicated by the solid symbols were obtained from least square curve fits by use of both components of Eq. 3. Open symbols represent values obtained from the maximum extraction by use of the assumption that the outflow profile is composed only of throughput material, i.e., by neglecting material which leaves the capillary and later returns, to emerge at the outflow.
vich had originally suggested that the calculated increase in permeability surface products with flow resulting from their data may have been artifactual because of neglect of the return of material. The present calculations demonstrate that this is not so. Estimated maximal values may provide an index to the total capillary exchange surface available in the myocardium. These are difficult to determine from the present data because of the scatter, and they may not be reliable because of lack of an unequivocal demonstration that the values are indeed maximal. Despite these qualifications, rough estimates will be made. To provide a basis for comparison to other estimates, the PS and F values will be converted to corresponding permeability surface products per gram heart and flow per gram heart by use of the assumption that all three indicators (sucrose, sulfate, and sodium) enter the same initial extravascular space and that the size of this space is 0.078 ml equivalent plasma per gram heart. Estimated maximal permeability surface products for sucrose, sulfate, and sodium, calculated for flows of 1.2 ml min" 1 g" 1 (F values of 0.25 sec" 1 ), are 0.52, 0.67, and 0.75 ml plasma min" 1 g heart" 1 . The corresponding value for sucrose found by Yipintsoi et al. was approximately 0.45 ml plasma min-1 g" 1 at plasma flows of the order of 1.0 ml min" 1 g" 1 ; and that found by Alvarez and Yudilevich was of the order of 0.20 ml plasma min -1 g" 1 at flows up to 0.70 ml plasma min" 1 g" 1 . If higher flows had been used by Alvarez and Yudilevich it appears likely that the data from all three sources would appear relatively consistent.
Effects of Inhomogeneous Perfusion (Macroscopic and Microscopic) on the Parameter
Estimates.-Revkin (22) observed in skeletal muscle an increase in permeability surface product with metabolically induced increments in flow, with later leveling off, and attributed the phenomenon to inhomogeneous perfusion at low flow rates. The experimental curves shown in Figure 4B were used to test the effect of introducing an arbitrary large scale or macroscopic flow inhomogeneity into the model. The perfused heart muscle was assumed to consist of two equal parts. The total flow was kept constant but the distribution of flow between the two parts was varied from a one-to-one ratio up to a one-to-nine ratio. Curve fits were then carried out as before. Since the albumin reference curve was used as input for both high and low flow regions, an inherent assumption in this procedure was that the distribution of transit times of the reference tracer remains unchanged in both compartments. If such an inhomogeneity makes the model represent a less efficient exchanging unit, a higher K will be necessary to match experimental and calculated curves in the presence of a fixed mean F. Figure 10 shows that a rather marked inhomogeneity was required before K rose significantly or the quality of the curve fit suffered, as indicated by an increase in the sum of square errors. Therefore, this type of flow inhomogeneity does not significantly decrease the efficiency of the exchanging system until a severe disproportion in perfusion is reached. Conversely, inhomogeneity in flow distribution present in the heart muscle but not considered in the model will result in a slightly lower K. Therefore, if increasing flow results in a Change in calculated permeability surface product per accessible extravascular volume (K) in the presence of a large scale inhomogeneity. For the purpose of this analysis, the heart muscle was assumed to consist of two equal parts. A second ordinate shows the sum of squared errors remaining after optimization.
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decrease in this typo of inhomogencity, K is expected to rise with increasing flow rate (as was found experimentally); but the magnitude of the change in K found experimentally was much greater than this mechanism would be expected to account for. The second possible type of inhomogeneity in the heart is a lack of perfusion of a fraction of the capillaries, a microscopic rather than a macroscopic type of inhomogeneity. The relative constancy of the accessible extravascular volume with flow ( Fig. 8) in our experiments suggests that indicator reaches all areas of the perfused myocardium (but not necessarily in equal proportions and not necessarily via 100% of the existing capillaries). The lack of perfusion must therefore necessarily be dispersed in such a fashion that, at any given time, extracellular materials such as labeled sucrose enter the total space. If unperfused capillaries are recruited as the flow is increased, K (which is proportional to the surface area and therefore to the number of open capillaries per volume of muscle) will be expected to rise with flow. This last mechanism appears to be the major one underlying the increase of K with flow in this preparation. It is appropriate to comment that in a completely controlled skeletal muscle preparation Renldn found the permeability surface product to be independent of flow, so long as vasomotor activity remained constant. Vasoconstriction reduced and vasodilation increased the permeability surface product (23). In our experiments, dipyramidole was used to produce vasodilation. Analogous effects on the permeability surface product may have occurred.
Arteriovenous Shunting.-Flow through arteriovenous shunts would also be expected to affect the assumptions underlying model analysis of indicator dilution curves. Therefore experiments with ^'Sr-labeled carbonized microspheres 1 were carried out, in order to define experimentally the proportion of blood shunted in this preparation. Spheres with average diameters of 15 tively, were used. The distribution of diameters of 500 spheres of each variety was measured. These measurements showed that only 1% of the 15/x spheres was below 4.5/A and only O. 23S of the 29/A spheres was below 15/x in diameter. The recovery of the 15/A particles in three runs was 0.24%, 0.43$, and 0.66& In the last run of this series, dipyramidole was given and the flow rate was increased to 2 ml g~1sec" 1 . The recovery of the 29//. particles in a single run was 0.1& The first portions of the outflow curves of these particles are similar to those of the reference vascular substances (Fig. 11 ). This similarity suggests that the early appearing particles traversed the circulation without retardation of the kind expected from microspheres being temporarily held up by irregularities of the tube wall such as bifurcations, bends, and constrictions. Since the outflow recoveries of microspheres were so low, shunting through vessels of 15-30/A in diameter cannot be expected to contribute significantly to the shapes of the outflow curves.
Large Vessel Effects.--The model analysis carried out in this paper rests on the assumption that the displacement of the outflow pattern of the diffusible substance from that of the reference substance occurs because of transcapillary passage. Such displacement could also arise in the large vessels by virtue of the Taylor effect (24), the diffusion in a laminar flow system of the indicators across the lines of flow, at a rate depending on their respective diffusion coefficients. Larger molecules, as a consequence, are expected to emerge at the outflow slightly earlier (this would increase the apparent instantaneous extraction in the initial sample, if the reference is a large molecule). Small effects of this sort have been observed in studies of the brain, where the capillaries are relatively impermeable (25) . The collecting system used in the present experiments was examined to determine whether measurable separation was occurring in it. The curves for the diffusible indicators and labeled albumin were superimposed. The data were examined to see if evidence for this kind of separation in Outflow patterns of labeled red cells, 13S l-aibumin, and microspheres labeled with 8S Sr. The microsphere outflow (OF) fractions per ml were midtiplied hy 100 to provide a convenient scaling for display. A, Experiment with the smaller microspheres, and B, with the larger microspheres. The average diameter for the smaller particles was 14.5 ± 6.2 (SD) H; and that for the larger particles was 29.4 ± 5.2 y.. small coronary vessels could be found. The initial extraction was always found to be low rather than high.
Effect of Using an Average Capillary Length, m the Modeling-During analysis of the data it was found that the fitted curves underestimated the diffusible indicator concentrations for the first one or two samples. This might be expected if the assumption of an average capillary is not adequate until the outflow from a representative distribution of capillaries reaches the sampling site. The relation between the diffusible indicator and the reference indicator can be emphasized by plotting the ratio of the diffusible to reference outflow fractions per ml versus time (Fig. 12 ). Let this ratio be R(f)-^( 0 shows a minimum near the peak sample, for labeled sodium and sulfate. Since the instantaneous extraction is equal to [1 -R(t) ], this minimum value corresponds to the maximum extraction. In our modeling we have assumed a common capillary length, and we would have expected R(t) to be a monotonically increasing function with time (19) . The presence of a higher initial value appears to indicate that the first indicator emerging has passed through capil-laries shorter than the average, or that significant longitudinal diffusion has occurred in the extra vascular region (6, 26) . However, the actual values for the outflow fraction per ml in these first capillaries is very small and it will not have greatly affected the least square error curve fits. Ratio of diffusible indicator outflow fraction to reference indicator outflow fraction vs. time. Both curves were obtained from the experiments illustrated in Figure 6 .
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Martin and Yudilevich (4) initially found R(i) to be a monotonically increasing function of time. They therefore deduced, since no indicator returning from the extravascular space was expected in the initial samples, that the extrapolation of R(t) to zero time would give the best value for use in calculating permeability values. Downey and Kirk (27) , however, found curves similar to those illustrated in Figure 12 . The difference between the two kinds of experimental results appears to reside in methodology. In our experiments and in those of Downey and Kirk, the perfusion and collection systems were more tightly coupled to the preparation than those used by Yudilevich and Martin de Julian (28) (since injections were made into a smallvolume inflow line rather than into a line leading to the brachiocephalic artery and aortic root, and outflows were collected from a small volume coronary sinus catheter rather than as mixed outflows from the right ventricle).
SUBSTANCES WHICH PERMEATE THE CAPILLARY WALL FREELY
Form of the data.-Substances such as THO, which are generally felt to permeate capillary walls fairly readily, were also studied. In Figure 4 the difference between the outflow curves for high and low perme-ability substances is illustrated. The THO curve is much lower in peak magnitude than that of labeled sucrose and it does not show any distinct break in the downslope. At low perfusion rates (A), the THO curve reaches an early peak that is followed by what appears to be a single exponential washout, within the time of observation. At higher perfusion rates (B), the washout curve becomes concave upwards. The model used for the analysis of the outflow curves of low permeability substances gave a poor fit when applied to the THO curves. Intermediate values for K gave an early peak but the downslope would not fit. Very high values for K yielded a calculated peak which occurred much later in time than that found experimentally.
To explore the phenomena underlying these experimental findings, several substances were studied which have the same steady-state distribution in the heart as labeled water. These molecules (urea, THO, antipyrine, and ethyl alcohol) would be expected to enter all compartments of the heart muscle (29) . Within this group the outflow pattern for labeled urea was found to be distinctly different from that of the others. Figure 13A , illustrates a set of dilution curves for 125 Ialbumin, 14 Simidtaneous outflow patterns.
Circulation R,,urcb, Vol. XXIX. August 1971 experiment in which the perfusion fluid was blood. Both "C-urea and 36 C1-enter red cells fairly freely but at a rate less than that of THO. To exclude the possibility that the major part of the difference between the 14 Curea and 86 C1-curves and that for THO was the result of red cell entry and carriage of the label along the capillary in these cells (30, 31) , a second experiment was carried out in the same animal (Fig. 13B ), but this time with plasma as the temporary perfusion fluid. The outflow profiles for labeled urea and chloride ions remain basically similar both in the presence and in the absence of red cells. Only a very minor change in the indicator curves has occurred due to red cell carriage. Distribution of both labeled urea and chloride are limited chiefly at the capillary wall, if we reason by analogy with the coronary sinus outflow curves for those poorly permeable substances which we have analyzed. The behavior of the labeled urea in the coronary circulation is not surprising if we consider that Renkin demonstrated that urea is distributed rather slowly (32) and also produces a rather large osmotic transient in the porfused liindleg (29) and that Chinard (33) demonstrated that the proportion of labeled urea which leaves the pulmonary circulation during a single passage is very small. Tritiated water, antipyrine, and ethanol behave very differently. The magnitude of the diffusion coefficient of antipyrine in water is about one-fourth that of THO. In spite of this difference in diffusion coefficients the two curves are very similar (Fig. 14) . The antipyrine curve rises slightly faster initially, but the values on the downslopes of the two curves are nearly indistinguishable. Effros and Chinard (34) found a higher partition coefficient (red cells to plasma) for antipyrine than for water. A difference in red cell carriage may explain the slight precedence of the labeled antipyrine with respect to THO on the upslopes of the curves. If diffusion in an aqueous phase in the direction parallel to the capillaries were an important factor in shaping the upslopes of the curves, one might expect the labeled water to appear at the outflow ahead of the labeled antipyrine. Antipyrine Simultaneous outflow patterns.
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could emerge ahead of water on the basis of diffusion parallel to the capillary only if the relatively greater lipid solubility of antipyrine effectively increases its relative diffusion coefficient in tissue (35) (the olive oil-water partition coefficient of antipyrine is 0.092 at 37°C [29] , whereas that of water is 0.002 [35] ). Figure 15 shows simultaneous outflow dilution curves for u C-ethanol, THO, and 12B I-albumin. The labeled ethanol and THO curves are remarkably similar. The diffusion coefficient of ethanol is intermediate between that of THO and antipyrine. Therefore, within this group of compounds (labeled antipyrine, ethanol, and water) a change in the diffusion coefficient does not produce a corresponding change in the form of the outflow curves and, apart from minor differences, distribution of the substances in the heart muscle may be assumed to be flow-limited. This kind of definition of flow limitation is essentially an experimental one.
Interpretation of this Flow-Limited Behavior.-Modeling the exchange of substances behaving in this way requires an examination of the physical phenomena underlying the generation of a set of dilution curves indicating flow limitation. Two distinct mechanisms have been described by which the outflow from a single capillary model can become independent of the diffusion coefficient. In the first, diffusible material entering the capillary is considered to equilibrate instantaneously along the length of the capillary and the extravascular space at the moment of its introduction, resulting in a single well-mixed compartment (36) . An impulse injection in this case results in a monoexponential washout with a time constant equal to volume per flow. At zero time the concentration would be the amount injected per total volume. A second type of flow limitation, essentially a flowlimited distribution within the Krogh cylinder, was originally described by Goresky (37) . This arises from the diffusion-limited model when the capillary permeability is allowed to become infinite. The diffusion coefficient is assumed to be large enough and the extravascular space small enough in the lateral direction that instantaneous radial equilibration occurs within the Krogh cylinder. Trans- 
FIGURE 15
Simultaneous outflow patterns.
CircaUtion Research, Vol. XXIX, August 1971 port along the length is assumed to be only the result of flow (i.e., longitudinal diffusion is assumed to be negligible). Here an impulse input results in an impulse output which is delayed in relation to a simultaneously injected intravascular reference indicator. From the physical point of view, this has been described as a delayed-wave type of flow limitation.
The convection-diffusion model, described by Perl and Chinard (38) , bridges the gap between the two types of flow limitation. Radial equilibration is considered to be instantaneous while transport along the length of the capillary occurs both by convection and diffusion. Apposed entrances and apposed capillary exits, as well as a uniform velocity of passage along adjacent pathways, are assumed, to nullify intercapillary interaction. The outflow may therefore be considered to be that from an equivalent single capillary. In this modeling, the Peclet number /3 is found to be a parameter describing the shape of the outflow curves. This is defined as /? = t d /i, where t d = L 2 /D; L = arteriolar to venular distance; and D = the diffusion coefficient for the substance. The mean transit time I in the modeling is the capillary transit time of the diffusible substance.
The mean transit time t for both THO and antipyrine in the heart of the resting animal is about 40 seconds. The diffusion coefficient D for THO at 37°C is 3.40 X Hh 5 cm 2 seer 1 (39) and that for antipyrine in water at the same temperature is approximately 0.92 X 10" 5 cm 2 sec" 1 (to obtain this estimate, the value obtained by Thovert [40] at 18°C was modified for the effect of change in temperature, as outlined by Wilke [41] ). Assume L = 0.04 cm (the value selected by Bassingthwaighte et al. (5) on the basis of anatomic measurements), then /3 equals 1.1 and 4.3 for THO and antipyrine, respectively. Figure 16 represents the outflow profiles from the convection-diffusion model. In this diagram we find a greater difference between the outflow patterns of substances having /3 values of 1.1 and 4.3 than has been found experimentally for THO and antipyrine. Family of theoretical nondimensionalized curves arising from the convection-diffusion model of Perl and Chinard (38) , Therefore, the convection-diffusion model suggests that L = 0.04 cm is too high. In the same way, an approximation to the source-sink distance required for the delayedwave type of flow limitation to occur in the heart may be estimated as follows. In the ideal delayed-wave, flow-limited case, /3 should be infinite. However, at /3 = 100 the main features of the delayed-wave type of flow limitation should become apparent. From the foregoing relations the source-sink distance necessary to give a /3 of 100 is U = pDt = 100 X 3.4 X 10-5 X 40;
whence L = 0.36 cm. This is a larger value than we would expect for the length of a heart capillary.
The contribution of the transfer function of nonexchanging vessels and catheters to the outflow curve is approximately proportional to Circulation Resttrcb, Vol. XXIX, August 1971 the slope of the outflow curve (42) . Therefore, a noticeable contribution of the nonexchanging vessels is expected to occur on the upslope of the THO curve, whereas the downslope may be taken to represent almost exclusively the impulse response or transfer function of the exchanging unit itself. The mean transit time of the reference indicator is about 10$ of the mean transit time of THO. An upper limit for the contribution of nonexchanging vessels can therefore be obtained as follows. In the limiting case, the contribution of the capillaries to the mean transit time of the reference indicator can be considered equal to zero. Then the maximum contribution to the mean transit time of THO, due to nonexchanging vessels, is about 10$. The Perl-Chinard modeling may therefore be expected to be applicable chiefly to the downslopes of the high permeability indicators. Figure 16 shows a normalized THO curve superimposed on the family of nondimensionalized curves arising from this modeling. The appearance time of the reference indicator was taken as zero time. In all cases, reference tracer and THO appeared in the same sample. It is apparent that the best fi is very close to zero. For /3 values of this order of magnitude the diffusion coefficient would no longer be expected to have perceptible influence on the form of the outflow curve. The effective capillary lengths expected on the basis of these curves are of the order of 0.01 to 0.02 cm.
A /3 of zero implies a monoexponential washout with a rate constant equal to flow per volume. This rate constant can be obtained in two independent ways. One way is to calculate the reciprocal of the mean transit time of the THO curve. The other is to use the slope of the washout curve on the semilogarithmic plot. Where the slope was not uniform during the period of observation, both the maximum slope and the slope at 10$ of peak were determined. Figure 17 shows a plot of this rate constant, obtained both ways, for a large number of THO curves. In general, the figure indicates that the rate constant derived from the reciprocal of the transit time Relation between washout rate constants derived from the reciprocal of the mean transit time for THO, and from the slope values obtained from a semilogarithmic plot of the corresponding THO curve. The former are equated to a flow-volume ratio (ordinate).
is equal to that derived from the slope on a semilogarithmic plot, for the experiments in which low to intermediate perfusion rates were used, and consequently /3 = 0 describes these curves adequately. At higher flow rates both THO and antipyrine curves show an upward curvature in their downslope on the semilogarithmic plot. The Perl-Chinard model cannot account for this effect since curves for /3 equal to any finite number other than zero have downslopes which are concave downwards. Therefore it is more likely, on the basis of this modeling, that the upward curvature is due to a change in the distribution of flow within the myocardium at high flow rates rather than to a change in the diffusion processes within individual capillaries and the regions which they supply. If diffusion became a limiting factor, the antipyrine and THO outflow patterns would be expected to differ at high flow rates. This was not found to be the case, at least insofar as the downslopes were concerned. Changes in the Pattern of Perfusion with Changes in Flow.-There are a number of factors which suggest that a redistribution of flow is likely to occur as flow is increased. There is a gradient of pressure across the thickness of the ventricular wall, and during systole peak tissue pressures twice peak intraventricular pressures have been recorded in the inner hah 0 of the wall (43) . These would be expected to interfere with adequate perfusion of the endocardial aspects of the myocardium, despite the presence of a larger number of capillaries per muscle fiber in the endocardial region (16) . Khouri et al. (44) studied the flow in the coronary arteries of intact unanesthetized dogs by means of electromagnetic flowmeters placed on these coronary arteries. During severe exercise the flow increased up to four times the resting values, and the proportion of the total flow occurring during systole increased considerably. In the present experiments increase in flow was achieved, in contrast, by increasing the input pressure (which was relatively constant through the cardiac cycle) and by producing vasodilarion with dipyridamole. Uneven regional perfusion might be expected to occur, especially during systole.
The distribution of flow across the thickness of the ventricular wall has been studied by a variety of methods. A decreasing gradient in oxygen tension has been demonstrated across the myocardial wall, and the washout of deep injections of Na 131 I into the myocardium has been demonstrated to be at least 25% lower than that of superficial ones (45) . Microspheres larger than the diameter of capillaries have been injected, and tissue concentrations have generally been analyzed on the basis of the assumption that their distribution at impact is representative of local flow. Domenech et al. (46) injected labeled spheres of varying sizes into the left atrium and obtained data which initially appear to conflict with the inferences arising from the oxygen gradient and the washout of local depots. The concentration of microspheres in the left ventricular subendocardial muscle exceeded that of the subepicardial muscle, but the disproportion was largest with the larger microspheres (a ratio of 2.5 for particles 51yu, to 61ft in diameter), and smaller for smaller spheres (a ratio of 1.3 for particles 14;u. in diameter). They concluded, on the basis of this change, that it is unlikely that microspheres measure blood flow to small portions of the ventricle. The interaction between the branching pattern of the coronary tree and the tubular pinch effect (47) appear to underly the impact pattern. Similarly, 86 Rb has been used ostensibly to study the distribution of blood flow across the myocardium (48, 49) . No major difference has been found between the uptake rates of the endocardial and epicardial parts of the left ventricle. This is the result which would be expected if the limiting factor in the uptake were the transport system at the sarcoplasmic membrane, rather than a permeability-limited distribution of labeled material to the muscle by blood flow.
The type of label most ideal for elucidating the distribution of flow would be expected to be a flow-limited one. Such a substance will enter heart muscle during the fust few seconds while, at the same time, its rate of washout will be very slow. Therefore, tissue sampling a few seconds after injection should give tissue concentrations proportional to the flow-volume ratio prevailing at the time of injection. Flow-limited substances used in this manner will underestimate disparities in distribution since, as time elapses, areas which gained more indicator will also lose it faster. Several transit times after the injection, a reversal of the distribution of indicator will occur, since areas that have less indicator will also lose it more slowly. Griggs and Nakamura (50) have made an elegant examination of the distribution of iodoantipyrine, a flow-limited substance (17) , across the left ventricular wall, using the principles outlined above. Concentrations in inner and outer halves of the wall were compared. Under conditions of normal coronary perfusion, they were found to be essentially equal, and this was interpreted to mean that the distribution was regulated by active vasomotor control in such a fashion as to counteract the pressure gradient across the wall. However, when the input was severely constricted, so that maximal coronary vasodilarion occurred, a relative exclusion of iodoantipyrine from the inner wall of the ventricle occurred. Thus a macroscopic heterogeneity related to the pressure gradient occurs when Cinnlal%cn Research, Vol. XXIX, August 1971 maximal vasodilatation has been produced. This macroscopic phenomenon will contribute to the observed lower values of the permeability surface product, at low flow rates. In addition, the lack of a monoexponential washout at high flow rates indicates that some degree of microscopic heterogeneity may persist, even when macroscopic homogeneity has been achieved.
Diffusional Interactions between Capillaries.-Apart from the foregoing, the flowlimited data may be examined in another way. The question may be asked: Can outflow curves which match those of the convectiondiffusion model arise in any other way? Until this point in the paper we have neglected the possibility of the asymmetrical interaction of diffusional fluxes between adjacent capillaries. The diffusional interconnection between capillaries will be expected to be affected not only by the pattern of flow in adjacent perfused capillaries (concurrent or countercurrent) but also by the manner in which the entrances and exits of capillaries are disposed in space. If the entrances and exits of capillaries are disposed in a completely random manner, as are the directions of flow in adjacent capillaries, one would expect a completely random effect to result, simulating complete mixing. This particular case has been examined in analytical detail by Levitt (51) , and his solution corresponds to these extrapolations. Interactions between neighboring capillaries change the delayed-wave land of response into a wellstirred kind of response, corresponding to the Kety extreme of the Perl-Chinard modeling. Thus curves corresponding to this extreme would be expected to arise on the basis of a random kind of flow-structural interaction, as well as on the basis of rapid longitudinal diffusion. The structural basis necessary for this random kind of interaction is present in the heart; and it appears appropriate to hypothesize that this kind of interaction plays a major role in shaping the outflow curves which we have observed, for the flow-limited group of substances.
Discussion
Unification of the Modeling Used for the CircuUlion Resuncb, Vol. XXIX, August 1971
Poorly Permeable and Highly Permeable Substances.--In the model used to analyze the dilution patterns for low permeability substances, extravascular material is assumed to reenter the capillary at its site of exit; i.e., longitudinal diffusion is assumed not to occur. This view is difficult to maintain in the face of the inference from the washout curves for THO and antipyrine that any one region of the myocardium may be adequately represented as a single well-mixed compartment. Granted that the transit time for the high permeability substances is much higher and the time for longitudinal diffusion or capillary interactions to occur is much longer, it would nevertheless appear appropriate to unify the assumptions underlying the approaches used in the analysis of the dilution curves for the highly and the poorly permeable substances.
From the modeling used to analyze the curves for the poorly permeable substances, Goresky et al. (9) have computed illustrative numerical examples of the expected concentrations of diffusible indicator in the accessible extravascular space, as a function of time and position. These calculations show that for substances with relatively low permeability constants, once the initial impulse has traversed the single capillary model, there is only a slight concentration gradient in the direction parallel to the capillary, in the extravascular space. Hence the difference between a model neglecting longitudinal diffusion and one assuming instantaneous longitudinal equilibration in the accessible extravascular space is expected to be very small at these low permeabilities. The small difference expected in the curves will be confined chiefly to the early samples, and would have been expected to provide slightly better fits to our data, on the upslopes. An attempt was made to substitute the model incorporating longitudinal extravascular diffusion equilibration developed by Johnson and Wilson (6) into the computer programs used for the analysis of the dilution patterns of the poorly permeable substances, but no uniformly converging analytical solution suitable for our purposes could be obtained. In addition to the minimum two parameters necessary in our earlier model, here capillary length is also an essential parameter.
If, in contrast, both the intracapillary fluid and the accessible extravascular volume were assumed to be well mixed (both longitudinally and radially) at all times, a transfer function is readily obtainable. Substituting this function into the computer programs showed that peak concentrations were obtained 1-2 seconds too late. High sum of square errors resulted from curve fits obtained by this approach.
It seems unlikely, on the basis of the foregoing discussion, that consideration of the distribution of predominantly diffusion-limited substances will give much information regarding the distribution of indicator in the extravascular space. This is best obtained by examining the behavior of the flow-limited group of substances, i.e., by functionally removing the capillary membrane. We have discussed the distribution of flow-limited substances above, and have indicated that the data are most consonant with the hypothesis that there is a relatively random diffusional capillary interconnection in the myocardium for this group of substances and that the result is that a best fit to the kinetics of washout can be obtained by operationally representing this interconnection as a complete mixing within macroscopic regions of tissue. This land of interconnection would be expected to be more or less similar for both substances entering the interstitial compartment and the entire water compartment. Therefore, one can conclude that it is probably appropriate to also operationally represent the interstitial compartment as well mixed over macroscopic regions.
Magnitude of the Measured Sucrose Space. -The measured value for the extravascular extracellular sucrose space derived from the present dilution studies was 0.078 ml equivalent plasma/g heart. When the single bad experiment of the present series is neglected, this value rises to 0.084 ± 0.025 (SD) ml/g. At a perfusion rate of 1.0 ml g" 1 min -1 and a hematocrit of 0.40, the vascular space available to sucrose would be 0.067 ml/g, yielding a total space of 0.15 ml/g. This value is extraordinarily small, when compared with the sucrose space obtained by Johnson and Simonds, 0.39 ml/g heart, after equilibration with 1% sucrose (52) . The value reported by Renkin (32) for skeletal muscle is 0.23 ml/g, after an apparently lower osmotic stress. Some of these disparities are apparently resolved by the experiments of Birks and Davey (53) designed to characterize the sucrose space in frog muscle. They demonstrated that the sarcoplasmic reticulum corresponds to approximately 13$ of the muscle fiber volume and that this proportion increases markedly on exposure to hypertonic sucrose; they hypothesized that the sarcoplasmic reticulum of muscle is an extracellular compartment. In view of these observations, we would interpret the sucrose space measured by our dilution studies to be the extracellular sucrose space, a space which does not include that of sarcoplasmic reticulum. The sarcoplasmic space does not appear accessible to labeled sucrose during the short times which we have used. More prolonged observations would appear necessary to obtain evidence of entry.
Relation of the Dilution Estimates of K to Those Derived by Means of OsmoticaUy Active Solutes.-Vargas and Johnson (54) have integrated the model derived by Johnson and Wilson and have used this to interpret weight transients in the isolated heart in response to perfusion with fluid containing newly introduced osmotically active solutes. The K value for sucrose obtained from their data (i.e., the permeability surface product per extravascular volume) is 0.08. This falls in the middle of the rising curve of our present values, and appears to indicate that consonance between the estimates coming from the two methods may be expected. The permeability surface values arising from these estimates will become disparate, however, if differing estimates of the extravascular space are used to derive them. scatter and an asymptotic rise to a maximum with increase in flow. The inferences coming from these findings are: (1) to compare the permeability of cardiac capillaries for differing substances, both of these substances should be included in the injection solution of the same experiment instead of using successive experiments on different animals, and (2) the figure for permeability of cardiac capillaries best for comparison with that of other organs is probably the asymptotic maximum value of K. In this context, comparison with the values for the other organ will be appropriate only if the maximal capillary surface of that organ has been utilized to obtain the estimate.
Use of Dilution Experiments to Arrive at
Effect of Intraventricular Pressure on the Form of the Outflow Dilution Curves for the Flow-Limited Substance.-Yipintsoi and Bassingthwaighte (17) , in their examination of outflow curves for labeled water, used an isolated blood-perfused heart, with a vent in the left ventricle. Their curves show no characteristic change in shape with increase in coronary flow. Indeed, they demonstrate that the forms of the outflow curves are virtually independent of the magnitude of perfusion. These findings, when contrasted with those reported above (the demonstration of a welldefined change with flow in the shape of the washout curve for labeled water, in the working heart), support the hypothesis which we advanced above, that there is some heterogeneity of flow across the ventricular wall, related to the presence of high systolic levels of intraventricular pressure, and that this is influenced, in a relative way, by the rate of coronary perfusion.
Inferences.-The compartment substances examined in the present study fall into two groups: one characterized by low values for capillary permeability and one characterized by high values for capillary permeability. The inference arising from this dichotomy is that the low permeability substances probably traverse the intercellular clefts between capillary endothelial cells, whereas the high permeability substances utilize the whole endothelial surface for exchange.
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